A quasi-one-dimensional compressible-flow theory in the presence of blowing/suction is presented for shock management inside supersonic inlets and supersonic compressor cascades. The theory can predict the amount of flow blowing/suction required to place the shock at a prescribed area ratio in a diverging flow passage as the exit pressure is varied. The formulation is based on classical one-dimensional compressible-flow theories for normal shock waves and flow blowing/suction. Application of the theory to a supersonic nozzle shows that if the exit pressure is higher than the base value, then suction behind the shock or blowing in front of the shock is required to hold the shock stationary. On the other hand, if the exit pressure is lower than the base value, then blowing behind the shock or suction in front of the shock is required. For the case of blowing, the amount required to fix the shock location is a strong function of the stagnation conditions and the angle of the blowing flow. The resulting theory is checked against numerical solutions of the quasi-one-dimensional Euler equations, with excellent agreement between theory and numerical solutions. Applications of the theory to two-dimensional inviscid and two-dimensional viscous flows are presented in Part 2 (Sarimurat, M. N., and Dang, T. Q., "Shock Management in Diverging Flow Passages by Blowing/ Suction, Part 2: Applications," Journal of Propulsion and Power, Vol. 28, No. 6, 2012, pp. 1230-1242.
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Subscripts

BS
= blowing/suction station BS1 = location just upstream of blowing/suction station BS2 = location downstream of blowing/suction station e = exit station i = inlet station S = shock station S1 = location just upstream of shock S2 = location just downstream of shock I. Introduction I N SUPERSONIC aircraft inlets, the air is typically decelerated from supersonic to subsonic velocity via a series of oblique shock waves in the converging section and a normal terminal shock behind the throat in the diverging section (Fig. 1) . To maximize the pressure recovery during the deceleration process, the normal terminal shock is desired to be a weak shock just behind the throat. However, a weak shock just behind the throat is more susceptible to disturbances. A small change in upstream or downstream flow conditions can cause the shock to travel ahead of the throat, become unstable, and unstart the inlet [1, 2] . Studies showed that, by applying active flow control via flow suction [3, 4] , the normal terminal shock can be stabilized just behind the throat, and near-isentropic inlets with pressure recovery as high as 97% can be designed.
The flow physics in the rotating blades of fans and compressors with supersonic inlet relative Mach numbers is also similar to supersonic inlets. The flowpaths formed by these blades have convergingdiverging sections [5] . The supersonic flow entering the blade passage diffuses in the converging section and accelerates in the diverging section, and a normal passage shock is usually present in the diverging section. There is a jump in static pressure across the passage shock, causing a relative flow diffusion process that is beneficial in increasing the static pressure rise across the passage. However, similar to the supersonic inlet case, any change in upstream or downstream flow conditions, especially change in the backpressure, alters both the location and the strength of the passage shock. As shown in Fig. 2 , at the design point, there usually is a weak oblique shock at the leading edge and a normal shock inside the blade passage in a supersonic cascade. As the backpressure is increased, the normal shock moves upstream. Further increase in backpressure causes the shock to move out of the blade passage, and a strong oblique shock is formed in front of the leading edge, which results in an unstarted rotor. Experimental and computational studies [6] [7] [8] have shown that, in high-speed compressors, as the backpressure is increased, the passage shock can be held stationary inside the blade passage by removing a small amount of flow on the order of 2-3% of the compressor main flow behind the passage shock.
The studies mentioned previously have concluded that flow suction can be used to manage the shock location inside supersonic inlets and supersonic compressors. However, especially for the case of the supersonic compressors, there is no method of estimating the amount of suction required to control the shock position. Another interesting question is whether flow blowing can be used to manage the shock location and, if so, what are the effects of the flow properties of the blown flow on the process of controlling the shock position. The objective of this study is to develop a quasi-onedimensional (quasi-1-D) compressible-flow theory in the presence of blowing/suction that can be used for shock management inside supersonic inlets and supersonic compressors. The questions to be answered include 1) how much blowing/suction is required to hold the shock stationary inside the passage as the backpressure is varied, 2) if blowing is employed, what is the dependence of the blowing mass flow rate on the stagnation conditions and the blowing angle of the blown flow, and 3) what is the dependence of the blowing/suction mass flow rate on the location of the blowing/suction flow?
In the present study, it is assumed that the flow is inviscid, steady, one-dimensional, and a calorically perfect gas. The assumptions used in this study will produce some useful results without the loss of simplicity and certainty, as they did for many other 1-D compressible-flow studies done in the past (e.g., Mayer and Paynter [2] , MacMartin [3] , and Heiser et al. [9] ). Extension of the method to include viscous effects will be discussed in Part 2 [10] .
II. Governing Equations
Since we are interested in management of shock waves in diverging flow passages using blowing and suction, we consider 1-D inviscid and compressible flow in a diverging duct with supersonic flow at the inlet (Fig. 3) . We assume that a normal shock resides in the flow passage, and blowing/suction at a known location is applied either behind the shock in the subsonic region (Fig. 3a) or in front of the shock in the supersonic region (Fig. 3b) . The flow in the diverging duct, shown in Fig. 3 , can be analyzed by applying the change in flow conditions across the shock wave and the blowing/suction station, and isentropic-flow relations everywhere else given the area distribution of the flow passages. The change in flow conditions across the shock wave and the blowing/suction station can be derived from the conservation laws. In this section, we will summarize the working equations across the blowing/suction station and the shock wave.
We are interested in the case where a finite amount of flow represented by _ m BS is blown into or removed from the main flow between stations BS1 and BS2 (Fig. 4) . We assume that all flow properties at the BS1 station are known, together with the stagnation conditions of the blowing/suction flow and the blowing/ suction angle denoted by . We want to find the flow conditions at station BS2. We note that, in the case of blowing, as the flow at station BS2 is uniform because of the 1-D assumption, the flow is SARIMURAT AND DANG assumed fully mixed, and hence the process is nonisentropic. Using the known parameters given above, one can solve Eqs. (1) (2) (3) (4) (5) (6) numerically by marching in the flow direction to get all the flow conditions at station BS2. For the study presented in this paper, a fourth-order Runga-Kutta method [14] is used to solve these equations.
Once the stagnation conditions at station BS2 are known, the critical area A BS2 can be computed from
where A BS1 is the critical area based on the conditions upstream of the blowing/suction station, and A BS2 is the critical area based on the conditions downstream of the blowing/suction station. In Eq. (7), the parameter r is the mass flow rate ratio defined as
Note that r is greater than 1 when flow blowing is present, and r is less than 1 when flow suction is present; hence, (r 1) is the ratio of the blowing/suction mass flow rate to the incoming mass flow rate. A positive value of (r 1) indicates that we have blowing, while a negative value indicates the presence of flow suction.
B. Jump Conditions Across Shock Wave
Across the normal shock wave (or station S), the RankineHugoniot normal shock relations can be applied. We now summarize the relations to be used later. For adiabatic flow, the stagnation temperature across a normal shock is conserved, i.e., T 0S2 =T 0S1 1, while the stagnation pressure loss can be computed from [15] 
The critical area ratio is
where A S1 is the critical area based on the conditions upstream of the shock, and A S2 is the critical area based on the conditions downstream of the shock.
C. Isentropic-Flow Relations
The flow regions away from the normal shock and blowing/ suction stations can be calculated using the isentropic-flow relations. In particular, the local Mach number M is related to the local area ratio (A=A ) as [15] 
III. Formulation of the Direct and Inverse Problems
In this section, we will present a practical formulation of a problem that makes use of the quasi-1-D compressible-flow relations presented in the previous section.
A. Direct or Analysis Formulation
For clarity, before introducing the method of controlling shock position via flow blowing/suction, we begin by considering the rather straightforward direct problem that employs the equations summarized in the previous section. Consider the situation shown in Fig. 3a in which we have a nozzle with supersonic flow at the inlet. The known conditions are the inlet Mach number M i , the inlet stagnation pressure P 0i , and the inlet stagnation temperature T 0i .
A shock is assumed to appear at a known location (A s =A i ), and blowing/suction is applied further down at a known area ratio location (A BS =A i ). Also, the exit-to-inlet area ratio (A e =A i ) and the flow conditions at the blowing/suction station are known. In particular, if blowing is present, then the prescribed quantities of the blown flow are T 0BS ; P 0BS ; ; _ m BS . Keep in mind that, when the stagnation conditions and the blowing angle of the blown flow are known along with the flow area of the slot, then the amount of the blown flow will come out of the calculation. However, for the problem presented here, we also prescribe the amount of blowing, and the slot area is adjusted to obtain the prescribed amount of blowing. For flow suction, _ m BS is prescribed and it is assumed that the withdrawn gas crosses the boundary of the control surface with the same flow properties and flow direction of the main stream. The quantities to be calculated are the flow conditions at the exit of the nozzle. This simple problem can be solved with the following steps:
1) Knowing the inlet Mach number M i , the area ratio (A i =A i ) can be calculated from Eq. (11):
2) Given the position of the shock as characterized by (A S =A i ), where
one can apply isentropic relations between the inlet station i and station S1 upstream of the shock. This yields all flow conditions at the station just upstream of the shock, or station S1.
3) Apply Rankine-Hugoniot relations at the shock location. This yields all the flow conditions at station S2, including the new critical area ratio A apply isentropic relations between the station just downstream of the blowing/suction station and the nozzle exit location. This yields all the flow conditions at the nozzle exit station. We note that a similar procedure can be used to determine the flow conditions at the nozzle exit station for the flow configuration shown in Fig. 3b , whereby the blowing/suction station is now upstream of the shock.
B. Indirect or Inverse Formulation
A more practical/useful application of these 1-D compressibleflow relations is the inverse problem, which is described next. Again, we consider the nozzle shown in Fig. 3 with supersonic flow at the inlet, and with a normal shock residing in the flowpath. From elementary compressible-flow theory, it is well known that, as the exit pressure increases, the normal shock moves upstream to a new location where the area ratio is smaller, while reducing the exit pressure would lead to the normal shock moving downstream to a new location where the area ratio is larger.
We now consider the case where flow blowing/suction is applied at a prescribed location (A BS =A i ) as a method to control the position of the normal shock. As mentioned in the Introduction (Sec. I), it has been observed that flow blowing/suction can be used to control the position of the shock as the exit pressure is varied. We wish to predict the amount of flow blowing/suction required to place the normal shock at a desired location (A S =A i ) for a given value of exit pressure p e . Again, the flow is supersonic at the inlet with known conditions M i ; T 0i ; P 0i .
We begin by developing expressions for the mass flow rate at the inlet station and the mass flow rate at the exit station. Clearly, for the flow configurations shown in Fig. 3 , the difference between these two quantities is the blowing/suction mass flow rate. From elementary compressible-flow theory, the mass flow rate at the inlet of the nozzle is [15] 
The mass flow rate at the exit station expressed in terms of the local stagnation conditions T 0e ; P 0e and the local static pressure p e can be shown to take on the following form [5] :
Hence, the mass flow rate ratio r can be obtained by taking the ratio of Eqs. (12) and (13), yielding an expression for r as a function of the exit pressure and the exit-to-inlet stagnation condition ratios; that is,
Equation (14) can be used to solve for r; hence, the blowing/ suction mass flow rate can be calculated if the following quantities are known: (P 0e =p e ), (P 0e =P 0i ), and (T 0e =T 0i ). For the case shown in Fig. 3a , these quantities can be expressed as
The ratio of the stagnation temperature (T 0BS2 =T 0BS1 ) can be found from Eq. (1), and the ratio of the stagnation pressure (P 0BS2 =P 0BS1 ) can be found from Eq. (4). But since both of these ratios depend on the amount of blowing/suction, and hence the mass rate ratio r, Eq. (14) must be solved iteratively for r. We start the iteration by guessing a value of r and follow the same procedure as in the analysis formulation to find (T 0e =T 0i ), (P 0e =p e ), and (P 0e =P 0i ). Once these quantities are known, Eq. (14) can be invoked to update r.
IV. Numerical Examples Using Inverse Formulation
We consider the nozzle shown in Fig. 3 with supersonic flow at the inlet. The goal of this numerical study is to apply the indirect/inverse formulation presented in the previous section using numerical values representative of flows encountered in supersonic inlet and the supersonic section of highly loaded transonic fan/compressor blades. To check for correctness of the theory, results from the present quasi-1-D theory are also compared against computational fluid dynamics (CFD) results obtained by solving the quasi-1-D Euler equations. The CFD code employed here uses the Jameson-Schmidt-Turkel scheme [16] to solve the integral form of the quasi-1-D unsteady Euler equations, which can be written in the conservative form as
For the case where no blowing/suction is applied, the vectors fU; E; Hg take on the forms In the preceding relations, e t is the total energy and A Ax is the cross-sectional area of the flowpath. For the case where either blowing or suction is present, blowing/suction is modeled as a source term in the vector H, which takes on the form
where V is the volume of control element.
Using the quasi-1-D compressible-flow model outlined in the previous section, the primary parameters involved in solving the problem are (recall that A i is the throat area based on the inlet conditions) 1) the exit-to-throat area ratio (A e =A i ); 2) the shockto-throat area ratio (A S =A i ); 3) the exit static pressure normalized to the inlet stagnation pressure (p e =P 0i ); and 4) the blowing/suctionto-throat area ratio (A BS =A i ), the amount of blowing/suction as characterized by the parameter r; and for the case where flow blowing is applied, the stagnation temperature (T 0BS =T 0BS1 ), the stagnation pressure (P 0BS =P 0BS1 ), and the blowing angle . When suction is applied, the withdrawn gas is assumed to cross the boundary of the control surface with exactly the same properties and direction of the main stream.
For the results to be presented in this section, the exit-to-throat area ratio is chosen to be A e =A i 1:5, which corresponds to a maximum Mach number of 1.85 at the exit station if the flow is isentropic from inlet to exit. For this nozzle geometry, a normal shock will occur at the shock-to-throat area ratio A S =A i 1:35 at an exit pressure of p e =P 0i 0:7, and the Mach number in front of the shock is M S1 1:71. We will denote this condition as the baseline condition, which corresponds to the case where no blowing/suction is applied. The general question to be answered is the following. How can we keep the shock location fixed at A S =A i 1:35 using flow blowing/suction as the exit pressure is varied from the baseline value of p e =P 0i 0:7? In particular, 1) how much blowing/suction is required as the exit pressure is varied? 2) if blowing is employed, what is the dependence of the blowing mass flow rate on the stagnation conditions and the flow angle of the blown flow? and 3) what is the dependence of the blowing/suction mass flow rate on the location of the blowing/suction station?
A. Effect of Varying Exit Pressure
In this section, we investigate the use of blowing/suction to control the shock position as the exit pressure is varied from the baseline value. We use the indirect or inverse formulation developed in the previous section to calculate r, which relates to the amount of blowing/suction required to accomplish the task. We recall that, if r is less than unity, then flow suction is required. In this case, it is assumed that the withdrawn gas crosses the boundary of the control surface with exactly the same properties and the direction of the motion of the main stream. If r is greater than unity, then flow blowing is required. In this case, the stagnation conditions of the blown flow can be taken either the same or different from the local flow. For the examples to be presented here, we have chosen P 0BS =P 0BS1 1:5 and T 0BS =T 0BS1 1:3, and blowing is applied in the direction of the main flow.
As an illustration, consider the case where the exit pressure is increased from 0.7 to 0.73. In this case, without blowing/suction, classical 1-D shock theory states that the shock moves upstream to a 
Blowing/Suction Behind Shock
In this study, the blowing/suction station is placed downstream of the shock at A BS =A i 1:4. The calculated quantity is r, which is related to the amount of blowing/suction required to hold the shock at A S =A i 1:35 as the exit pressure (p e =P 0i ) is varied between 0.653 and 0.735. Recall that, without blowing/suction, the shock resides at this location when the exit pressure is 0.7 (baseline value). If blowing is required, the blowing angle is taken to be zero, and the stagnation conditions of the blown flow are taken to be the local stagnation conditions, i.e., T 0BS =T 0BS1 1 and P 0BS =P 0BS1 1. The results summarized in Table 1 show that, as the exit pressure decreases from the base value, blowing is required. On the other hand, as the exit pressure increases from the base value, suction is required.
To confirm the predictions of the quasi-1-D theory, CFD calculations are performed for the five cases given in Table 1 . In the CFD calculations, for the given exit pressure, the amount of the blowing/suction predicted by the theory is applied, and the shock location is monitored. For all cases, CFD results showed that the amount of the blowing/suction predicted by the theory is correct in order to keep the shock position fixed at A S =A i 1:35.
Blowing/Suction in Front of Shock
In this example, the blowing/suction station is placed upstream of the shock at A BS =A i 1:1. Again, the calculated quantity is r, which is the amount of the blowing/suction required to hold the shock at A S =A i 1:35 as the exit pressure (p e =P 0i ) is varied between 0.66 and 0.731. Again, if blowing is required, the blowing angle is chosen to be zero, and the stagnation conditions of the blown flow are taken to be the local stagnation conditions. The results summarized in Table 2 show that, as the exit pressure decreases from the baseline value of 0.7, suction is now required. On the other hand, as the exit pressure increases from the baseline value, blowing is required.
For the five cases shown in Table 2 , CFD calculations are performed to check the agreement between the theory and the CFD results on the amount of the blowing/suction required to keep the shock stationary at the prescribed location as the exit pressure is varied. Similar to the case with blowing/suction behind the shock, CFD results showed that the amount of blowing/suction predicted by the theory is correct in fixing the shock location at A S =A i 1:35.
B. Effect of Varying Stagnation Conditions of Blowing Flow
In the previous examples, when blowing is employed, the stagnation conditions of the blown flow are taken to be the local stagnation conditions upstream of the blowing station (station BS1). In this section, the effects of varying the stagnation conditions of the blown flow are investigated.
Blowing Behind Shock
In this study, the location of the blown flow is downstream of the shock at A BS =A i 1:4, and the exit pressure is kept fixed at p e =P 0i 0:653. It was found earlier that, if the stagnation conditions of the blown flow are taken to be the local flow conditions (station BS1), the amount of blowing required to hold the shock stationary at A S =A i 1:35 is 10% of the incoming flow, or r 1 0:1. Figure 6a shows a contour plot of (r 1) as a function of (T 0BS =T 0BS1 ) and (P 0BS =P 0BS1 ), with 1 < T 0BS =T 0BS1 < 1:5 and 1 < P 0BS =P 0BS1 < 1:5. The figure shows that, depending on the stagnation conditions, the amount of blowing can vary between 8 and 23% of the incoming mass flow rate. The least amount of blowing mass flow rate occurs when the stagnation temperature is high while the stagnation pressure is low. On the other hand, the highest amount of blowing mass flow rate is required when the stagnation temperature is low while the stagnation pressure is high.
Blowing in Front of Shock
We next investigate the effect of varying the stagnation conditions of the blown flow, but with the location of the blown flow upstream of the shock at A BS =A i 1:1. The exit pressure is set at p e =P 0i 0:731. It was found earlier that, if the stagnation conditions of the blown flow are taken to be the local flow conditions (station BS1), the amount of blowing required to hold the shock stationary at A S =A i 1:35 is 10% of the incoming flow, or r 1 0:1. Figure 6b shows a contour plot of (r 1) as a function of (T 0BS =T 0BS1 ) and (P 0BS =P 0BS1 ), with 1 < T 0BS =T 0BS1 < 1:5 and 1 < P 0BS =P 0BS1 < 1:5. The figure shows that, depending on the stagnation conditions, the amount of blowing can vary between 5.5 and 10% of the incoming mass flow rate. The figure shows that the amount of blowing mass flow rate is less when either one or both of the stagnation temperature and the stagnation pressure are higher than the freestream conditions.
C. Effect of Varying Blowing Angle
In the previous sections, when flow blowing is used to manage the shock location inside the nozzle, the blowing angle is selected to be in the same direction as the main flow. In this section, we will investigate the effect of varying the blowing angle. The blowing angle appears in the parameter y given in Eq. (6) . This parameter is the ratio of the forward velocity component of the blowing flow to the velocity of the main flow, and it represents the contribution of the blowing flow to the x-momentum equation. Equations (1) (2) (3) (4) show that all properties of the main flow, except the stagnation temperature, depend on this parameter. Only a blowing angle up to 15 deg will be presented. This is because, for large blowing angles, 1-D assumption would not be appropriate due to interaction between the main flow and the blowing flow. Especially for the case when blowing is introduced in the supersonic flow region, a strong shock would be formed at the injection location when the injection angle is large.
Blowing Behind Shock
We again start with the case where the location of the blown flow is downstream of the shock at A BS =A i 1:4, and the exit pressure is p e =P 0i 0:653. For this case, if a flow with the same stagnation conditions as the local flow is injected in the direction of the main flow (i.e., 0 deg), the amount of flow blowing required to hold the shock stationary at A S =A i 1:35 is 10% of the incoming flow. Figure 7a shows the change in the blowing mass flow rate with blowing angle. Theoretical results as well as results obtained from 1-D CFD calculations are shown in the figure. As it is seen in the figure, the agreement between the quasi-1-D theory and CFD is excellent, and both show that, for the case where the blowing location is behind the shock, the amount of blowing required to hold the shock stationary decreases with increasing blowing angle. 
Blowing in Front of Shock
We next investigate the effect of varying the blowing angle of the blown flow but with the location of the blown flow upstream of the shock at A BS =A i 1:1. It was found earlier that, for p e =P 0i 0:731, if the stagnation conditions of the blown flow are taken to be the local flow conditions (station BS1) and the blowing angle is zero, the amount of blowing required to hold the shock stationary at A S =A i 1:35 is 10% of the incoming flow. Figure 7b shows the effect of varying blowing angle on the blowing mass flow rate required to hold the shock stationary. Again, both theoretical results and results from 1-D CFD are presented. The figure indicates that the blowing mass flow rate required to hold the shock stationary increases with increasing blowing angle. Again, the agreement between the theory and 1-D CFD results is excellent.
D. Effect of Blowing/Suction Location
In this section, we examine the effect of the location of the blowing/suction station as characterized by (A BS =A i ) on the required blowing/suction mass flow rate to keep the shock stationary at A S =A i 1:35. The amount of the blowing/suction required to fix the shock location will have a dependence on the area ratio (A BS =A i ) if the change in the stagnation conditions across the blowing/suction location is a function of M BS1 , the Mach number in front of the blowing/suction station.
For the case of suction, since the flow is assumed to cross the boundary of the control surface at exactly the same conditions and direction of the main flow, the stagnation conditions of the main flow do not change across the suction station. Therefore, the change in the stagnation conditions across the suction station, and hence the amount of suction required to fix the shock location, is not a function of the suction location. This is consistent with earlier work on aspirated compressor blade design [8] .
For the case of blowing, if the stagnation conditions of the blown flow are taken to be the same as the stagnation conditions of the main flow, and the blowing angle is taken to be zero, then the stagnation conditions of the main flow will not change across the blowing station. For this case, the amount of the blowing required to hold the shock stationary is not a function of the blowing location. However, when either the blowing is not applied in the direction of the main flow or flow with different stagnation conditions as the local flow is blown, the change in the stagnation conditions of the main flow will depend on the Mach number in front of the blowing location; hence, the amount of flow blowing required to fix the shock location will be a function of the blowing location. For the nozzle geometry studied here, the effect of the blowing location on the amount of the blowing required to fix the shock location at A S =A i 1:35, when either the blowing angle is not zero or the stagnation conditions of the blown flow are taken to be different from the stagnation conditions of the local flow, is presented in Fig. 8 . Figure 8a demonstrates the case where blowing is applied behind the shock to fix its location as the exit pressure is decreased to 0.653, while Fig. 8b shows the case where blowing is applied in front of the shock and the exit pressure is 0.731. As it is seen in the figures, the variation in the blowing mass flow rate is on the order of 5% or less. Thus, the blowing mass flow rate is not a strong function of the blowing location.
V. Conclusions
A quasi-one-dimensional compressible-flow theory in the presence of blowing/suction is formulated for management of shock position inside diverging flow passages. The theory can predict the amount of flow blowing/suction required to hold the shock stationary at a prescribed area ratio in a diverging duct as the exit pressure is varied. Application of the theory to a supersonic nozzle shows that, when the exit pressure is higher than the base value, blowing in front of the shock or suction behind the shock is required to hold the shock stationary. On the other hand, if the exit pressure is less than the base value, this time suction in front of the shock or blowing behind the shock is required to hold the shock stationary.
According to the theory, when blowing is applied, the amount of the blowing required to hold the shock stationary is a strong function of the stagnation conditions and the flow angle of the blown flow. If flow blowing is applied in front of the shock to fix its location as the exit pressure is increased, the required blowing mass flow rate decreases with both increasing stagnation pressure and stagnation temperature of the blown flow. On the other hand, if flow blowing is applied behind the shock to fix the shock location as the exit pressure is decreased, the required blowing mass flow rate decreases with decreasing stagnation pressure and increasing stagnation temperature of the blown flow. As for the effect of the blowing angle, the study shows that increasing the blowing angle causes the amount of blowing flow required to hold the shock stationary to increase if blowing is applied in front of the shock and to decrease if blowing is applied behind the shock.
The theory shows that, for the case of suction and for the case of blowing with the same stagnation conditions as the local flow in the direction of the main flow, the amount of the blowing/suction required to hold the shock stationary is not a function of the blowing/ suction location. However, if either the blown flow is not parallel to the main stream or the stagnation conditions of the blown flow are taken to be different from the stagnation conditions of the local flow, the required mass flow does depend on the blowing location; although for the examples presented in this paper, this dependence is found to be weak. o , P 0BS /P 0BS1 =1, T 0BS /T 0BS1 =1.5
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